Fertilizers are commonly applied to improve the productivity and quality of bamboo. However, the nutrient responses of bamboo components after regular fertilization are not fully understood. This study was carried out to determine the effects of regular fertilization on the nutrient distribution of biomass components (i.e., culms, branches, leaves, roots, rhizomes) in a Moso bamboo stand in southern Korea. The study site was fertilized regularly for approximately 30 years to produce edible bamboo shoots. A total of 20 bamboo plants (10 fertilized and 10 unfertilized) were cut to measure the nutrient (C, N, P, K, Ca, Mg) concentrations of each bamboo component. Belowground roots and rhizomes were sampled at a 30-cm soil depth. The N, P, and K concentrations and stocks of aboveground biomass components were increased by regular fertilization, whereas the C, Ca, and Mg stocks were attributed to culm densities. The nutrient stocks of belowground roots were significantly lower in the fertilized plots than those in the unfertilized plots, except for the P stocks. The results indicate that regular fertilization could be a key factor to maintaining bamboo shoot productivity because of the increased responses of the nutrient concentration and stocks of bamboo components.
Introduction
In addition to being a traditional source of energy, bamboo provides a number of potential ecosystem services including carbon (C) sequestration [1] , soil and water conservation, biofuel production, and food sources, among multiple other uses [2, 3] . Thus, bamboo forest cover is increasing around the world for the production and utilization of bamboo [1, 4, 5] .
Fertilizers are commonly applied to improve the productivity and quality of bamboo, as soil nutrient availability often limits bamboo growth and production [2, 6] . Several studies have found that bamboo shoot and culm production can be significantly increased with additions of nitrogen (N) or compound (NPK) fertilizers [7] [8] [9] . The nutritional properties of bamboo shoots, such as sugar and amino acid contents, were also improved with the application of fertilizers [2] . Bamboo plants have, in fact, a dense root system that is efficient in taking up plant available-nutrients, which explains the fast response of bamboo to fertilization that has been reported in previous studies [2, 3, 8] . Thus, the use of fertilizers in bamboo stands has long been a management practice to increase the productivity of bamboo shoots and culms. While fertilization increases bamboo productivity, it also has significant impacts on the nutrient distribution of bamboo stands because of different regulatory mechanism of nutrient allocation induced by fertilization [2, 3] .
The evaluation of nutrient distribution by bamboo following fertilization is a useful approach to evaluate the nutrient status of bamboo stands, since the variation of nutrient concentration and content could generally be interpreted by the supply of nutrients. Leaf analyses were widely used as indicators for bamboo nutrient status [2] , while neglecting the responses of other bamboo components such as culms, branches, and roots. However, bamboo may have different nutrient requirement among bamboo components (leaves, branches, culms, roots) that live for several years. Thus, it is necessary to investigate the nutrient status of bamboo components regarding altered soil nutrient availability due to fertilization.
Regular fertilization is important for maintaining the productivity of bamboo because considerable amounts of nutrients can be removed annually by harvestings edible shoots and culms. It is necessary to maintain high fertility in bamboo stands over long-term cultivation periods from a sustainability point of view. Although there have been many field trials on fertilizer responses in bamboo stands, most of these studies focused on a short period of time [2, 3, 5] , which is expected to differ considerably from those in the long term. In addition, little is known about the impacts of regular fertilization on the nutrient distribution of bamboo stands.
Bamboo forests occupy more than 22 thousand hectares in South Korea [10] . Eleven dominant bamboo species (Phyllostachys bambusoides Sieb. et Zucc, P. nigra var. henonis Stapf ex. Rendle, P. pubescens (Mazel) Ohwi, Sasa gracilis (Nakai) T. Lee, Arundinaria simonii A et C Riviere, Sasa borealis (Hack.) Makino, and Pseudosasa japonica (Sieb. et Zucc.) Makino, etc.) occur either naturally or are planted in subtropical forest zones of the country [6] . Moso bamboo (P. pubescens (Mazel) Ohwi) is one of the most widely distributed species for the cultivation of edible bamboo shoots [6] . About 980,000 kg of bamboo shoots are produced annually throughout South Korea [6] . In addition, bamboo consumption has been confined mostly to bamboo shoots since the 1990s due to rapid declines in bamboo manufacturing industries in South Korea.
Although many studies have recommended fertilization for improved productivity and quality of bamboo and for increased economic and ecological benefits from bamboo [2, 5, 9] , little information is available on nutrient distribution following regular fertilizer supplements in bamboo forests. In addition, a better understanding of the distribution of nutrients is strongly required for maintaining and improving the productivity of Moso bamboo stands. The objective of this study was to determine the effects of regular compound fertilizer applications on the nutrient status of bamboo components in a Moso bamboo stand fertilized over the last 30 years. Changes in nutrient concentration and stocks of bamboo components were examined to evaluate the effect of regular fertilization. In this study, we hypothesized that regular fertilization would increase the nutrient uptake of bamboo components in response to the improvement of soil fertility.
Materials and Methods

Study Site and Experimental Design
This study was conducted in a Moso bamboo stand in the Gajwa National Experimental Forest administered by the Forest Biomaterials Research Center, Jinju, southern Korea ( Figure 1 ). The study site was located within an area where bamboo shoot production typically occurs [6] . The 7.2 ha of Moso bamboo stands were established to produce edible bamboo shoots between 1970 and 1972. The annual average precipitation and temperature in this area are 1512 mm year −1 and 13.1 • C, respectively. The soil is a slightly dry, reddish-brown forest soil (mostly Inceptisols, United States Soil Taxonomy) originating from sandstone or shale with a silt loam texture [11] . Bamboo forests are widely distributed in a slightly dry brown forest soil (mostly Inceptisols) or a slightly dry reddish-brown forest soil of the South Korean subtropical forest zone [6] .
The experimental design consisted of a completely randomized design involving six plots of 10 × 10 m (2 treatments (fertilized: 35 • 09 N 128 • 06 E, elevation of 50 m a.s.l., unfertilized: 35 • 09 N; 128 • 06 E, elevation of 67 m a.s.l.) × 3 replicated plots) in the stand (Figure 1 ). The data for this study were collected from three replicated plots by using a sampling scheme with identical designs for adjacent sites in order to minimize spatial variations. Fertilizer was applied manually on the forest floor in mid-June of each year for approximately 30 years based on the fertilization guidelines of bamboo forests (N:P:K: 21:17:17; 244 kg N ha −1 year −1 , 196 kg P ha −1 year −1 , 196 kg K ha −1 year −1 ) in South Korea [6] , whereas the unfertilized stands were not managed for the same period.
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South Korea
Analysis of Bamboo Components
The diameter at the height of 1.2 m (DBH) of each bamboo in each plot was measured, and two bamboo age classes (current-year and >1-year-old bamboo) were recorded based on the status of the culm sheaths. All bamboo were grouped into five DBH classes covering the full range of DBHs, according to the bamboo age classes. Twenty bamboo samples were obtained from the fertilized (five bamboo in current-year, five bamboo in >1-year-old) and unfertilized (five bamboo in current-year, five bamboo in >1-year-old) plots based on five DBH classes and two age classes of each treatment plot because the nutrient concentration of bamboo components was sensitive to ages of bamboo [12] .
The bamboo samples were destructively sampled and separated into component parts (i.e., leaves, branches, and culms) in July of 2016. The fresh biomass for all the bamboo components was determined in the field using portable electronic balances. Subsamples to determine the fresh-tooven-dried biomass ratio were taken from each bamboo component and oven-dried at 85 °C for one week.
Roots and rhizome samples regardless of diameter size were collected up to a soil depth of 30 cm (30 cm in length, 30 cm in width) from three random places in each treatment plot because the belowground biomass of Moso bamboo stands were mostly distributed in the upper 30 cm of soil [2] . This technique is the most widespread approach to quantify root and rhizome biomass in bamboo forests [11, 13] . All roots and rhizomes were transported to a laboratory and separated carefully with washing by tap water to remove mineral soils. The separated roots and rhizomes were dried to a constant mass at 85 °C for one week.
The dried samples of each bamboo component were ground in a Wiley mill and passed through a 40-mesh stainless-steel sieve. C and N concentrations from the ground materials were determined 
The bamboo samples were destructively sampled and separated into component parts (i.e., leaves, branches, and culms) in July of 2016. The fresh biomass for all the bamboo components was determined in the field using portable electronic balances. Subsamples to determine the fresh-to-oven-dried biomass ratio were taken from each bamboo component and oven-dried at 85 • C for one week.
Roots and rhizome samples regardless of diameter size were collected up to a soil depth of 30 cm (30 cm in length, 30 cm in width) from three random places in each treatment plot because the belowground biomass of Moso bamboo stands were mostly distributed in the upper 30 cm of soil [2] . This technique is the most widespread approach to quantify root and rhizome biomass in bamboo forests [11, 13] . All roots and rhizomes were transported to a laboratory and separated carefully with washing by tap water to remove mineral soils. The separated roots and rhizomes were dried to a constant mass at 85 • C for one week.
The dried samples of each bamboo component were ground in a Wiley mill and passed through a 40-mesh stainless-steel sieve. C and N concentrations from the ground materials were determined using an elemental analyzer (Thermo Fisher Scientific Flash 2000, Milan, Italy). Phosphorus (P), potassium (K), calcium (Ca), and magnesium (Mg) concentrations were determined through dry ashing 0.5 g of the ground material at 470 • C for 4 h, digesting the ash with 3 mL of concentrated 5 M HCl, diluting the digest with 0.25 mL of concentrated HNO 3 and 3 mL of concentrated 5 M HCl [13] , and measuring the concentrations via ICP-OES (Perkin Elmer Optima 5300DV, Shelton, CT, USA). The nutrient content of each bamboo component (g bamboo −1 ) was determined by multiplying the dry weight and nutrient concentration of each bamboo component.
The allometric equations [14] developed to estimate the nutrient content of each bamboo component (i.e., culms, branches, leaves) were as follows (Equation (1)):
where Y is the nutrient content (g) of the respective bamboo component, DBH is the diameter at breast height (cm), and a and b are regression coefficients. The accuracy of the allometric equations was evaluated by the coefficient of determination (r 2 ). The nutrient stocks (kg ha −1 ) based on an area were calculated from the DBH of each treatment plot using the allometric equations developed to estimate the nutrient content of each bamboo component. However, the allometric equations were not significant at p < 0.05, and the nutrient content was estimated by the ratio of dry weight and the nutrient content of the sampled bamboo components.
Analysis of Soil Properties
Soil samples per each treatment plot were collected at three locations of two different depths (0-10 cm, 10-20 cm) using 405 cm 3 soil sampling cores (7.04 cm inner diameter, 10.4 cm height). Three samplings at each location were done randomly between the bamboo canopy and beneath the bamboo canopy. Soil samples were transported to a laboratory and sieved with a 2-mm mesh sieve. The soil pH (1:5 soil water suspension) and electrical conductivity (EC) were measured using an ion-selective glass electrode (ISTEC Model pH-220L, Seoul, Korea) and an EC meter (Thermo Fisher Scientific Orion 3-Star, Singapore), respectively. Soil C and N concentrations were determined using an elemental analyzer (Vario Macro cube, Langenselbold, Germany). The available soil P concentration extracted by NH 4 F and HCl solutions [15] was determined by a UV spectrophotometer (Jenway 6505, Staffordshire, UK). Exchangeable K, Ca, and Mg concentrations extracted by NH 4 Cl solution [15] with a mechanical vacuum extractor (Model 24VE, SampleTeck, Science Hill, KY, USA) were determined through ICP-OES (Perkin Elmer Optima 5300DV, Shelton, CT, USA).
Data Analysis
The nutrient concentrations of aboveground bamboo components were analyzed by a two-way analysis of variance (ANOVA) to determine the significance of main effects (fertilizer treatment (T), bamboo age class (A)) and their interactions (T × A) at a significance level of p < 0.05 using the General Linear Models procedure in SAS (SAS Institute, Cary, NC, USA) [16] . Student's t tests were used to determine the effects of regular fertilization on the soil properties, nutrient concentration of the roots and rhizomes, and nutrient stocks of bamboo components.
Results and Discussion
Stand and Soil Attributes
Culm densities were higher in the unfertilized plots than those in the fertilized plots, whereas the densities of current-year bamboo were slightly lower in the fertilized plots than those in the unfertilized plots ( Table 1) . The low density of current-year culms in the fertilized plot could be due to the annual edible shoot harvest. In this study, the culm density in the fertilized plot was similar to the optimal culm density (4283 culm ha −1 ) in Moso bamboo stands in China [17] . The mean DBH was similar between the fertilized (10.8 cm) and the unfertilized (10.7 cm) plots. Although a decrease in culm density implies an increase in the diameter of culms [18] , the growth of DBH in current-year or >1-year-old bamboo was similar between the fertilized and unfertilized plots despite the different culm density. DBH growth in fertilized plots could be affected by the increased number of new shoots following fertilizer application [19] . The values of DBH in this study were slightly higher than the range (mean: 8.37-10.12 cm) of Moso bamboo stands (culm density: 3400-4732 culm ha −1 ) in the subtropical region of China [20] . Table 1 . General characteristics of the study site in a Moso bamboo stand (n = 3). Soil texture of the surface soil (0-10 cm), soil pH, organic C, and total N concentrations were not significantly different between the fertilized and the unfertilized plots, whereas the available P concentration and EC of the soil were significantly improved in the fertilized plots compared with the unfertilized plots ( Table 2 ). An increase in available soil P concentration was generally observed following the compound fertilizer application because the retentive capacity of P in the soil can be enhanced by P fertilizer addition [21, 22] . 
Nutrient Concentrations of Bamboo Components
There was no significant interaction effect between the fertilizer application and the bamboo age classes, except for the Mg concentrations in the culms and branches (Figure 2 ). The C concentration in the culms and leaves was not significantly different between the fertilized (culm: 456 mg kg −1 ; leaf: 439 mg kg −1 ) and unfertilized plots (culm: 461 mg kg −1 ; leaf: 444 mg kg −1 ). Similar results were reported for the C concentrations of the foliage of Japanese cypress trees in Korea, which were not affected by the different nutrient availability following fertilizer application [21] . However, the significant high C concentration (469 mg kg −1 ) of the branches in the unfertilized plots could be due to the lower P and K concentrations compared with the C concentrations (461 mg kg −1 ) of the branches in the fertilized plot (Figure 2 ). This result was consistent with a previous study in which the C concentration of tree components was generally greater in nutrient-poor site conditions due to the low nutrient concentration of tree components compared with trees grown in better site conditions [22, 23] . In this study, the C concentration in the culm was slightly lower than the C concentration (466 mg kg −1 ) of P. bambusoides in Japan [24] and the global mean value of 475 mg kg −1 for wood C concentration [25] .
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Fertilization enhanced the ability for bamboo to store nutrients with increased concentrations of P and K in culms and branches. This result could be associated with the characteristics of culm and branches living for several years. Similarly, other studies observed the increased N or P concentrations in the culm and branches of bamboo [18] and pine seedlings [29] following fertilization. Contrary to these findings, the nutrient concentration of stem wood in matured tree was independent of fertilization [30] .
The N, P, and K concentrations in leaves were significantly increased in current-year bamboo compared with >1-year-old bamboo, whereas the Ca concentrations of aboveground bamboo components were significantly higher in >1-year-old bamboo than in current-year bamboo (Figure 2 ). Since N, P, and K nutrients in leaves are generally mobile, these nutrients can be transported to the current-year bamboo from >1-year-old bamboo, indicating a higher demand for N, P, and K nutrients in current-year bamboo, while Ca acts as an immobile nutrient in the leaves.
Although there was no significant difference in the C, N, Ca, and Mg concentrations in belowground bamboo components between the fertilized and the unfertilized plots (Table 3) , the nutrient concentrations in belowground bamboo components followed a pattern similar to aboveground biomass components. For example, the N, P, and K concentrations in roots and rhizomes were generally increased with fertilizer application because the bamboo in the fertilized plots absorbs and transports more nutrients compared with the unfertilized plots. In contrast to the fertilized plots, low nutrient concentrations in unfertilized plots could be associated with a dilution effect by high culm density with less soil nutrient available for bamboo growth. However, low root K concentrations in the unfertilized plot could be associated with the competition between K + and Mg 2+ at the cellular level [31] by high root Mg concentrations in unfertilized plots. There is a strong antagonism between K + and Mg 2+ uptake in Populus trichocarpa Brayshaw [31] . Table 3 . Nutrient concentration of roots and rhizome in a Moso bamboo stand (n = 3). 
Component
Nutrient Content and Stocks of Biomass Components
The C, N, and P content of aboveground bamboo components can be estimated accurately by allometric equations, with DBH accounting for 46%-81% of the variation in the C, N, and P content of the fertilized plots and with DBH accounting for 45%-85% in the C, N, and P content of the unfertilized plots (Table A1 ). This result is consistent with a previous study that demonstrated that allometric equations developed by DBH parameters provided reliable estimates of C contents of Moso bamboo [18] . However, the allometric equations in branches and leaves were not appropriate for the K, Ca, and Mg contents, having low coefficient of determination (r 2 ) values in allometric equations. The K, Ca, and Mg content in the branches and leaves of both treatments exhibited considerable variations because of the heterogeneity of branches and leaf nutrients in similar DBH classes (Figure 3 ). Based on r 2 , the best fits for nutrient content were obtained generally for culm and total measurements, whereas the nutrient content of branches and leaves had the worst fit among all the bamboo components. Nutrient stocks of aboveground and belowground biomass components vary with fertilizer application. The N, Ca, and Mg stocks, as well as the P and K stocks, of aboveground biomass components were determined by the increased nutrient concentration following the fertilization, regardless of the culm density or C stocks in bamboo components (Table 4) . For example, total aboveground N stocks were not affected by the difference in culm density between the fertilized (4633 culms ha −1 ) and the unfertilized (6833 culms ha −1 ) plots because of increased N concentration following fertilizer application. However, the difference in Ca and Mg stocks of aboveground biomass components could be attributed to the difference of C stocks by high culm density in the unfertilized plot. Nutrient stocks of the aboveground biomass in unfertilized plots in this study were 344 kg ha −1 for N, 31 kg ha −1 for P, and 362 kg ha −1 for K. The values were slightly higher than in Moso bamboo forests (N: 274 kg ha −1 , P: 17 kg ha −1 , K: 289 kg ha −1 ) in China [19] . In addition, the C stocks of 48,900 kg ha −1 in this study were within the range (48,310 kg ha −1 -60,580 kg ha −1 ) observed in Moso bamboo stands of the subtropical region in China [20] .
Nutrient stocks in roots were significantly higher in the unfertilized plots than those in the fertilized plots, except for the P stocks of roots, whereas the nutrient stocks in rhizomes were not affected by regular fertilization (Table 4) . Although the mean N, P, and K concentrations of belowground roots and rhizomes in fertilized plots were much higher than those of unfertilized plots, the nutrient stocks of roots were significantly higher in the unfertilized plots than those in the fertilized plots. This result could be attributed to the greater root production (i.e., C stocks in roots) in the higher culm density of the unfertilized plot compared to the lower culm density of the fertilized plot. Additionally, bamboo in unfertilized plots are able to invest relatively more C allocation in roots to take up more nutrients under poor nutrient conditions and less in branches or leaves [32] , Nutrient stocks of aboveground and belowground biomass components vary with fertilizer application. The N, Ca, and Mg stocks, as well as the P and K stocks, of aboveground biomass components were determined by the increased nutrient concentration following the fertilization, regardless of the culm density or C stocks in bamboo components (Table 4) . For example, total aboveground N stocks were not affected by the difference in culm density between the fertilized (4633 culms ha −1 ) and the unfertilized (6833 culms ha −1 ) plots because of increased N concentration following fertilizer application. However, the difference in Ca and Mg stocks of aboveground biomass components could be attributed to the difference of C stocks by high culm density in the unfertilized plot. Nutrient stocks of the aboveground biomass in unfertilized plots in this study were 344 kg ha −1 for N, 31 kg ha −1 for P, and 362 kg ha −1 for K. The values were slightly higher than in Moso bamboo forests (N: 274 kg ha −1 , P: 17 kg ha −1 , K: 289 kg ha −1 ) in China [19] . In addition, the C stocks of 48,900 kg ha −1 in this study were within the range (48,310 kg ha −1 -60,580 kg ha −1 ) observed in Moso bamboo stands of the subtropical region in China [20] . Nutrient stocks in roots were significantly higher in the unfertilized plots than those in the fertilized plots, except for the P stocks of roots, whereas the nutrient stocks in rhizomes were not affected by regular fertilization (Table 4) . Although the mean N, P, and K concentrations of belowground roots and rhizomes in fertilized plots were much higher than those of unfertilized plots, the nutrient stocks of roots were significantly higher in the unfertilized plots than those in the fertilized plots. This result could be attributed to the greater root production (i.e., C stocks in roots) in the higher culm density of the unfertilized plot compared to the lower culm density of the fertilized plot. Additionally, bamboo in unfertilized plots are able to invest relatively more C allocation in roots to take up more nutrients under poor nutrient conditions and less in branches or leaves [32] , suggesting that C partitioning to bamboo components is regulated by the nutrient availability. For example, in this study, the proportion of crown C stocks to total aboveground C stocks was slightly higher in the fertilized (branches: 14.4%, leaves: 6.6%) plots than that in the unfertilized (branches: 13.0%, leaves: 6.0%) plots.
Conclusions
This study examined the nutrient distribution patterns of Moso bamboo components (aboveground: leaves, branches, culms; belowground: roots, rhizomes) in response to regular fertilization. The N, P, and K concentrations of aboveground bamboo components were increased by regular fertilization, whereas the nutrient stocks of belowground roots except for P stocks were significantly greater in nutrient-deficient conditions compared with those of bamboo grown in better nutrient conditions via fertilization. It can be inferred that the nutrient concentrations and stocks of those bamboo components were mainly governed by nutrient availability, which can be managed easily through fertilization. Thus, the measurement of nutrient concentrations following fertilization is strongly recommended for the evaluation of nutrient stocks in order to maintain the productivity of bamboo stands. These results suggest that regular fertilization is a valuable nutrient management practice to sustain the productivity of bamboo shoots and culms because fertilizer practices alter the nutrient allocation patterns in aboveground and belowground bamboo components in a Moso bamboo stand. 
